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Abstract We investigate the large (LDE) and very large (VLDE) Saharan dust deposition events that
occurred between 2000 and 2007 and their short-term impact on the dynamics of marine phytoplankton
in the Mediterranean Sea. A total of 153 LDE were identiﬁed unevenly distributed over the years. Events were
more frequent during winter, in the eastern Mediterranean, and autumn, when they affected both the
western and the central Mediterranean. Most of the 31 VLDE occurred during winter and autumn in the
central Mediterranean. The dynamics of chlorophyll after VLDE were studied as a proxy for phytoplankton
response to atmospheric dust. A signiﬁcant response of chlorophyll to dust addition was evident; this
appeared to be especially true for the western Mediterranean where a chlorophyll increase of up to 345%was
recorded, whereas in the central Mediterranean it was up to 146% and in the eastern Mediterranean up to
121%. Chlorophyll response behavior was quite heterogeneous probably as a result of the uniqueness of
each VLDE, the differences between Mediterranean areas, the community structure of phytoplankton, and
the interaction between bacteria and phytoplankton for new resources. An eastward decreasing trend in
chlorophyll response was observed, which is in accordance with the relative importance of bacterial activity
with respect to phytoplankton. The increase in mineral aerosols with increased aridity in the region together
with the decrease in the depth of the mixed layer of the oceans should boost the importance of aerosols
fueling marine production.
1. Introduction
Deserts cover one ﬁfth of the Earth’s land surface, which is equal to an area of 4.9 × 107 km2. It is estimated
that the global desert dust production is about 1536 Tg yr1 [Ginoux et al., 2012]. The Sahara desert is the
world’s largest desert region, extending from the Atlantic Ocean to the Red Sea. It covers an area of about
9 × 106 km2 with an annual dust production of 840 Tg yr1, accounting for 55% of the global dust emissions
[Ginoux et al., 2012]. The limit of the northern part of the Sahara desert is the Mediterranean Sea, making it a
quasi-enclosed basin characterized by having one of the most oligotrophic waters in the world [UNEP, 1990;
UNEP/FAO/WHO, 1996]. The Mediterranean seawaters are thus part of the ~60% of the global ocean showing
low-nutrient low-chlorophyll characteristics [Longhurst, 1995]. The seasonal dynamics of surface chlorophyll
in the Mediterranean display an increase in winter-spring following winter mixing with deeper nutrient-richer
waters. The western Mediterranean has bloom dynamics similar to those in the North Atlantic, while the
eastern Mediterranean shows less conspicuous increases and has even been deﬁned as nonblooming
[D’Ortenzio and Ribera D’Alcalà, 2009; Volpe et al., 2012]. Atmospheric sources of nutrients [Paerl, 1997;
Ternon et al., 2011] have attracted the attention of the scientiﬁc community during the last two decades in
order to explain, at least partially, nutrient starvation relief in the surface ocean. Nutrient is here used in a
broad sense without discerning speciﬁc macroelements or microelements. The atmospheric inputs into
the Mediterranean area, derived mainly from the Sahara and Middle East [Pey et al., 2013], could be the
main nutrient sources for the surface-depleted waters of the Mediterranean Sea, especially during the
stratiﬁcation period [Bonnet et al., 2005; Ternon et al., 2011] when nutrient concentrations in the water
are at their lowest.
The amount of nutrients that reach the Mediterranean Sea through aerosol deposition has been shown to be
important for the biogeochemical budget of the basin over geological time scales [Ludwig et al., 2010].
However, its effect on phytoplankton dynamics at ecological time scales is not so obvious. Several studies have
been performed to test the effects of Saharan dust deposition on the phytoplankton community, either in the
western [Bonnet et al., 2005; Laghdass et al., 2011; Ridame et al., 2014; Romero et al., 2011], in the eastern [Eker-
Develi et al., 2006; Herut et al., 2005], or in the entire Mediterranean Sea [Gallisai et al., 2012; Gallisai et al., 2014;
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Ternon et al., 2011; Volpe et al., 2009]. In situ microcosm and mesocosm experiments [Bonnet et al., 2005;
Laghdass et al., 2011; Ternon et al., 2011] have found that phytoplankton cells are generally stimulated by dust.
Romero et al. [2011] reported that the response was quicker for bacteria, subsequently affecting the response
of algal cells. Ridame et al. [2014] found no response to a simulated dry deposition event and a clear stimula-
tion to a simulated wet deposition event. Eker-Develi et al. [2006] monitored a couple of coastal stations and
found mixed results regarding the response of phytoplankton to dust deposition episodes. Using satellite
data, Volpe et al. [2009] did not observe changes in chlorophyll concentration, while Gallisai et al. [2014] found
small but signiﬁcant correlations between dust deposition and chlorophyll in some areas and at certain times
of the year. Thus, the response of phytoplankton to atmospheric nutrient addition does not show clear pat-
terns. This might be due to different factors, such as the biophysical state of the phytoplankton community
at the time of dust deposition, or the chemical composition and state of the atmospheric dust, or both.
Saharan dust deposition over the Mediterranean occurs on 20 to 37% of the days in a year with a decreasing
gradient to the north [Pey et al., 2013]. It is important to discriminate between the effect of this almost
continuous but generally slight deposition [Gallisai et al., 2014] and the effect of large short-term dust deposi-
tion events that can have a larger impact.
The aim of the present study is to analyze the geographical and seasonal variabilities of large Saharan dust
deposition events (LDEs), as well as the changes in chlorophyll concentration due to synoptically very large
dust deposition events (VLDEs) that occurred during an 8 year period (2000 to 2007) in the Mediterranean
Sea. The eastern Mediterranean, with its ultraoligotrophic conditions, receives overall more dust than the
western Mediterranean, and we would expect a larger response from the chlorophyll to dust deposition
events. However, our data and approach do not allow us to discern the chemical macronutrients or micronu-
trients in the dust that eventually trigger these changes.
2. Materials and Methods
2.1. Chlorophyll Data
Daily satellite Level-1A chlorophyll concentration data (mgm3) were derived from SeaWIFS. Data were
acquired from 2000 to 2007 and then reprocessed to Level-3 by using the MedOC4 regional algorithm
[Volpe et al., 2007], which takes into account the peculiar Mediterranean Sea color. In addition, we used
the same ﬁltering procedure presented in Gallisai et al. [2014], which considers the possible disturbance by
dust mimicking chlorophyll concentration values [Moulin et al., 2001]. In the 2000–2007 temporal range,
SeaWiFS data were constantly available without any signiﬁcant gaps. Since the scope of the work is to
evaluate the impact of large and very large deposition events on the phytoplankton dynamics, to reduce
the low-scale variability, data for the entire Mediterranean basin were regridded at 1° spatial resolution, for
a total of 179 grid cells.
2.2. Dust Deposition
For the present study, daily Saharan dust deposition output data (kgm2 d1) were obtained from the
BSC-DREAM8b model simulation [Pérez et al., 2006a; Pérez et al., 2006b]. Data were gathered for the same
time period and grid resolution as for chlorophyll concentration. Themodel simulated the dust concentration
ﬁeld in the troposphere, taking into account all principal dust life cycle processes. Improvements to previous
versions of the model include a dust source function based on the 1 km U.S. Geological Survey land use data
set, a particle size distribution in eight categories (0.1 to 1μm), a source size distribution derived from
D’Almeida [1987], and dust radiative feedback [Pérez et al., 2006a]. Further information about the model
features can be found in Nickovic et al. [2001], Pérez et al. [2006a], and Basart et al. [2012]. BSC-DREAM8b
has been used both as a forecasting and research tool in North Africa and the Mediterranean [Alonso-Perez
et al., 2011; Amiridis et al., 2009; Gallisai et al., 2014; Pay et al., 2012; Pey et al., 2013]. Several studies have
checked the goodness of ﬁt of the horizontal and vertical extensions of the dust plume [Papanastasiou
et al., 2010; Pérez et al., 2006b]. Daily near-real-time satellite and sun photometer observational data were
used to evaluate the operational model.
2.3. Dust Deposition Events
The dust deposition events were identiﬁed as follows: For each grid cell, we calculated the mean and stan-
dard deviation (SD) for the whole time series after a log10 transformation. Then, we identiﬁed the days
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showing values larger that 5 SD. A large
deposition event (LDE) was deﬁned as a
day that showed at least 5 grid cells with
values above 5 SD. Similarly, a very large
deposition event (VLDE) was deﬁned as
a day that showed at least 20 grid cells
with values larger than 5 SD. This means
that all VLDEs were also contained in the
LDE. LDEs were used for temporal and
geographical analyses of deposition
events. LDEs were generally coherent
in space, mainly showing adjoining grid
cells. All VLDEs showed spatially coher-
ent areas and coincided with true-color
satellite images of aerosols over the
Mediterranean (Figure S1 in the sup-
porting information). In addition, we
checked that air masses close to the surface (between 100 and 500m) originated in Africa by using back
trajectories obtained with the Hybrid Single-Particle Lagrangian Integrated Trajectory model (Figure S1).
2.4. Chlorophyll Trends
For each VLDE, we analyzed the chlorophyll time series. First, for each grid cell of the VLDE we selected the
chlorophyll time series for 22 days (7 days prior to the day of the VLDE and 14 days after the day of the VLDE).
Then, for each of the 22 days of the VLDE we ﬁltered the data to remove the values of the cells that were
above or below 3 SD in chlorophyll, using log10 transformed data. Next, we computed the area averaged
chlorophyll for each day and obtained the 22 day chlorophyll time series for the event. From the time series
we obtained the day and value of the chlorophyll peak (Peak) after the VLDE and we also computed the
average chlorophyll for the week previous (Prwk) to the VLDE, as well as the average (Mean) and maximum
value (Max) of chlorophyll for the week after the VLDE (Figure 1). The Peak was deﬁned as the ﬁrst maximum
following a minimum right after a dust deposition event.
Finally, we computed the percent change in chlorophyll for the peak, the maximum value, and the average
value after the VLDE with respect to the average chlorophyll before the VLDE as follows:
ΔPeak ¼ Peak-Prwk
Prwk
100
ΔMax ¼ Max-Prwk
Prwk
100; ΔMean ¼ Mean-Prwk
Prwk
100
We also carried out the whole process by using a seasonally detrended chlorophyll, that is, using the residuals
after subtracting the daily climatic mean (obtained from the 8 year time series). In this case, the actual chlor-
ophyll was used in the denominator to calculate the increments. We call this data set detrended. We used all
VLDEs and the matched pair statistical test of the software package JMP (Version 10, SAS Institute Inc., Cary,
NC, USA) to determine whether there were statistical differences between the values of Peak, Prwk, Max, and
Mean for both the chlorophyll and detrended-chlorophyll data sets. We also performed stepwise model
selection and used generalized linear models to determine whether chlorophyll responses across VLDE could
be related to other parameters such as geographic location, season, or the intensity of dust deposition. In all
cases, the statistical signiﬁcance level was set at p-values< 0.05.
3. Results
A total number of 153 LDE occurred during the period between 2000 and 2007 (Figure 2). The LDE involved
between 5 (set artiﬁcially as the lower limit) and 60 grid cells over the Mediterranean Sea. As one would
expect, the frequency of LDE generally decreased with the number of affected grid cells (Figure 3). This is
mostly the case, with the largest frequency for the 5 grid cell lower limit, although there appears to be some
exceptions centered around 8 and 13 and 23 grid cells, which have a higher frequency than expected. Fifty
Figure 1. Example of chlorophyll concentration diagram used to analyze
the chlorophyll variation following a very large dust deposition event
(VLDE). The vertical line marks the VLDE.
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percent of the LDE involved less than 10 cells. Traditionally, only the largest events have been studied, such as
those covering wide ocean regions, but we show that there is a large number of deposition events that affect
smaller but still relevant areas.
Many of the LDE occurred in the years 2000 and 2004 (Figure 4), especially in autumn and winter. In particular,
62 LDE took place in autumn, 61 in winter, 27 in spring, and only 3 in summer (Figure 5a). In general, the
occurrence of LDE showed some variability and depending on the year and season they affected different
parts of the Mediterranean Sea.
In 2000, the western Mediterranean was
the most affected region and the
majority of events occurred in autumn.
In contrast, during 2004 the central
Mediterranean was the most affected
region and mainly in winter. The only
three summer LDEs occurred in the wes-
tern Mediterranean. In general, the
western Mediterranean was the area
with most LDE, followed by the central
and then the eastern Mediterranean
(Figure 5a). While the VLDE (Figure 5b)
followed the same seasonal pattern as
LDE with most events occurring in
autumn (14) and winter (12) and no
Figure 2. Dust deposition events (LDEs) and number of grid cells affected by them between 2000 and 2007 in the
Mediterranean Sea. The horizontal line indicates the cutoff for VLDE.
Figure 3. Relationship between grid cells affected by dust deposition and
number of LDE.
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events in summer, the geographical dis-
tribution was different as most events
occurred in the central and eastern
Mediterranean (13 and 11, respectively)
and substantially less in the western
(7). For each of the 31 VLDE (Figure 6)
we analyzed the chlorophyll dynamics,
the magnitude of dust deposition, and
the geographical and seasonal distribu-
tions. For most of the events (27 of 31),
Peak, Max, and Mean were larger
than Prwk (Table 1). The results of the
matched pair t tests (Table 2) show
signiﬁcant chlorophyll peaks after VLDE
with respect to the week previous to
the events, although differences are
smaller than 0.1mgm3. This is taken
as an indication of phytoplankton sti-
mulation after the VLDE. The higher
values of chlorophyll after the VLDE are
not due to a single peak day since the
dynamics of chlorophyll tend to be of increasing chlorophyll after the ﬁrst peak because the maximum value
of chlorophyll after VLDE is signiﬁcantly larger than the mean Peak. The Mean of chlorophyll after the VLDE
tends to be larger than Prwk, although it is only signiﬁcantly different when the nonparametric sign-rank test
is used. This occurs because of the event on 26 February 2004, which has a negative Peak and inﬂuences the
parametric statistics. In fact, if this event is discarded out as an outlier, all matched pairs show signiﬁcance at
p< 0.001 when parametric tests are used. In any case, the difference between Mean and Prwk is quite small,
indicating a fast turnover of the produced chlorophyll after the VLDE. The analyses are almost identical when
seasonally detrended chlorophyll is used; therefore, rising trends over time cannot be attributed to underly-
ing seasonal dynamics. Regarding individual VLDE, chlorophyll concentration peaks were generally observed
between days 1 and 6 (with a mean of 3.16 days) after the mineral dust deposition event (Table 1). Similarly,
when we analyzed the seasonally detrended chlorophyll data, chlorophyll peaks appeared between days 1
and 7 (mean of 3.20 days). Peak days were not signiﬁcantly different either across Mediterranean areas or
between seasons (Table 3). Positive ΔPeak chlorophyll increments range from 13% to 345% for the different
outbreaks, with only two events showing a slight decrease (Table 1). The smallest positive ΔPeak occurs in the
central Mediterranean during the winter season and in the eastern Mediterranean in autumn (for detrended
data), while the largest occurs in the western in autumn (Table 1). On the contrary, the minimum chlorophyll
concentration in mgm3 (Peak) was recorded in the eastern Mediterranean during autumn and the
maximum in the central Mediterranean also during autumn (Table 1). The six largest deposition events
Figure 4. Number of LDE between 2000 and 2007.
Figure 5. Distribution of (a) LDE and (b) VLDE by geographical area and season.
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Figure 6. Maps of the geographical distribution of very large deposition events (VLDEs) that occurred between 2000 and 2007. Longitudes are E, and latitudes are N.
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(in extension) occurred in the central Mediterranean with a ΔPeak ranging from 13% to 65% (Table 1). In
terms of dust deposition intensity (kgm2 d1), the 12 ﬁrst largest events were distributed between the
central and eastern Mediterranean, mainly in autumn, with ΔPeak ranging from 20% to 46%. The deposi-
tion intensity was the lowest in the western Mediterranean with the exception of the VLDE of 27 December
2000 that resulted in the largest ΔPeak of the set at 345% (Table 1). Using generalized lineal models, the
response of chlorophyll (ΔPeak, ΔMax, and ΔMean) to VLDE was not statistically related to the magnitude
of the dust outbreak, either in deposited dust per unit area or in the extension of the affected surface. The
response was also statistically unrelated to the chlorophyll before the VLDE. Some of the responses were
related to the time of the year (SEASON) and to a longitudinal gradient (Table 4). SEASON appeared to
be signiﬁcant for ΔPeak with autumn showing larger responses than spring, and winter was indistinguish-
able from either these two seasons. Using seasonally detrended data, the importance of seasonality
decreased in favor of the longitudinal (LON) gradient of decreasing response intensity from west to east,
although SEASON is almost signiﬁcant for ΔPeak.
4. Discussion
Large and very large deposition events show patterns of increased frequency in autumn and winter.
Regarding the geographical distribution, the western Mediterranean is more frequently affected by LDE then
the eastern Mediterranean, although VLDEs are more prominent in the central and eastern Mediterranean,
including the events with the largest dust deposition loads. The central Mediterranean has the highest
proportion (34%) of VLDE to LDE, followed by the eastern (22%) and the western (11%) Mediterranean.
The fact that the eastern Mediterranean has less LDE reﬂects a more continuous and constant supply of dust
[Gallisai et al., 2014]. Our results are in agreement with previous studies that show that the frequency and the
magnitude of dust outbreaks have a wide spatial, seasonal, and interannual variability across the
Mediterranean Sea [Gallisai et al., 2012; Moulin et al., 1998; Pey et al., 2013; Swap et al., 1996; Varga et al.,
2014]. Part of this variability is linked to the complexities of the atmospheric transport. Dust transport over
the Mediterranean Sea is caused by different meteorological situations. In the western subbasin, dust
outbreaks are controlled by the summer northward migration of the subtropical high-pressure belt
[Aschmann, 1973]. In the eastern basin, they are generated by low-pressure systems as midlatitude
Table 3. Means and Standard Error in Parenthesis for Peak Days (Number of Days) After the VLDE as Grouped by
Geographical Area and Seasona
Chl a Detrended Chl a Chl a Detrended Chl a
Mediterranean region Season
Western 3.71 (0.47) 3.14 (0.51) Spring 3.33 (0.42) 3.83 (0.40)
Central 2.77 (0.36) 2.69 (0.38) Autumn 3.00 (0.43) 2.71 (0.44)
Eastern 3.27 (0.45) 3.82 (0.55) Winter 3.27 (0.39) 3.45 (0.51)
aIn no case were peak days different using either parametric tests (ANOVA means test) or nonparametric tests
(Wilcoxon/Kruskal-Wallis).
Table 2. Matched-Pair Results Between Peak, Max, Mean, and Prwk for the VLDEa
μD Chl a Detrended Chl a
Peak-Prwk 0.048 (*/***) 0.050 (*/***)
Max-Prwk 0.067 (**/***) 0.066 (**/***)
Mean-Prwk 0.009 (nsb/***) 0.007 (nsb/***)
Max-Peak 0.019 (**/***) 0.016 (**/***)
Mean-Peak 0.038 (***/***) 0.043 (***/***)
Mean-Max 0.058 (***/***) 0.059 (***/***)
aDifferences are shown, and the statistical signiﬁcance for the parametric/nonparametric Wilcoxon signed rank test is
shown in parenthesis. Chlorophyll units are in mgm3. The null hypothesis, H0, is that μD = 0, where μD is the mean
population difference of the matched pair.
bns: not signiﬁcant.
*p< 0.05.
**p< 0.01.
***p< 0.001.
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Mediterranean and Sharav cyclones [Alpert and Ziv, 1989]. In the central part, both western and eastern out-
breaks converge. As this central area shows characteristics of the two subbasins it is the most affected by
dust deposition events, followed by the eastern and western Mediterranean subbasins [Pey et al., 2013;
Varga et al., 2014]. The main period of Saharan dust transport from North Africa to the Mediterranean
Sea is from early spring to the end of summer. During this time the air masses cross the basin from east
to west coinciding with the presence of thermal convective forces, which injects the dust particles high into
the atmosphere [Alpert et al., 2004; Moulin et al., 1998]. However, dust deposition events occur mainly in
autumn and winter (Table 1), showing an evident gradient decreasing from south to north in the
Mediterranean Sea [Gallisai et al., 2014; Guerzoni et al., 1997]. During the period of 2000–2007, the western
Mediterranean was the area least affected by dust deposition in terms of VLDE, as well as in deposition
intensity in terms of kgm2 of dust deposited (Table 1). There, the minimum mass of dust deposited on
surface waters was recorded during one VLDE that occurred in spring. The mean amount of dust deposited
in the western Mediterranean is half the amount deposited in the other subbasins. On the other hand, the
relatively intense dust deposition event of 27 December 2000 in the western Mediterranean produced the
largest chlorophyll response. The mean deposition and number of episodes were quite similar in the central
and in the eastern Mediterranean. Since dust can travel at high altitudes with little deposition, transport
and deposition do not always match. This is a nontrivial issue that points to the importance of data on
actual deposition (which is different to the transport inferred from satellite data) in order to study its rela-
tionship with the marine ecosystem.
The response of phytoplankton to dust addition in the surface Mediterranean Sea waters showed a complex
scenario. When all VLDEs are taken into account, there are signiﬁcant chlorophyll peaks after the deposition
events, with respect to chlorophyll prior to the events. However, chlorophyll peaks after the events are not
sustained over time and return quickly to the levels prior to the events. This means that the average relative
responses to dust addition are rather small, which can be seen from the mean differences (Table 2). The main
chlorophyll distribution feature of the Mediterranean Sea shows a basin-scale gradient from west to east,
with a more productive but still oligotrophic western side and an extremely oligotrophic or ultraoligotrophic
eastern subbasin [D’Ortenzio and Ribera D’Alcalà, 2009]. A priori one would expect larger responses to be
observed, the larger the amount of deposited dust and the lower the levels of nutrients present in the resi-
dent water, which occurs in the eastern Mediterranean and during late spring and summer. However, we did
not observe these expected trends. When geographical (LON) and seasonal (SEASON) variables are assessed,
signiﬁcance surfaces out for SEASON in ΔPeak, but the trend is reversed when ΔPeak is computed by using
seasonally detrended chlorophyll (Table 4). Nevertheless, both variables are not far from signiﬁcance. That
is, we found overall smaller responses with increasing eastern longitude and larger responses in autumn-
winter than in spring.
Reasons for this discrepancy could be related to a rather low number of VLDE. For instance, with the criteria
used to deﬁne VLDE, we had no events during summer. This season, with the lowest nutrient concentrations
in the water, is a target for production effects from dust deposition. With a larger data set it is possible that
these trends could emerge out of the model error. Part of the error must be related to the heterogeneity of
events, such as area coverage, intensity, and time of the year, combined with the probable heterogeneity of
the receiving waters in terms of the amount of nutrients already present and the composition and physiolo-
gical state of the microbial communities.
Table 4. Generalized Linear Model Resultsa
Chlorophyll Detrended Chlorophyll
ΔPeak ΔMax ΔMean ΔPeak ΔMax ΔMean
Model p value 0.0233* 0.2485 0.1379 0.0194* 0.0296* 0.4160
SEASON 0.0173* 0.3440 0.0773 0.0505 0.3637 0.7719
Tukey test (SEASON) AW; WS
LON 0.2623 0.1672 0.3861 0.0283* 0.0104* 0.1413
aThe ΔPeak, the ΔMax, and the ΔMean of chlorophyll and seasonally detrended chlorophyll data were tested with
categorical seasonal (SEASON) and continuous geographical (LON) factors. P values are reported for the whole model
and for each independent variable. A = autumn, W =winter, S = spring.
*p ≤ 0.05.
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Moreover, there are a number of reasons related to the physics, biogeochemistry, and biology throughout
the Mediterranean that may explain the results observed in this study. First, the mixed layer depth increases
from west to east [D’Ortenzio et al., 2005]. This implies that for the same amount of nutrients deposited in
surface waters, the ﬁnal concentration in the water column will be higher in the western basin and lower
in the eastern. Consistent with the evidences of trends in plankton community composition and mixed layer
depth, moving fromwest to east, we observed that themaximum phytoplankton stimulation to dust addition
shifted from 345% to 121% (Table 1).
Second, there are reasons related to the plankton community composition. Dinoﬂagellates dominate the
relative abundance of phytoplankton in the eastern basin, while diatoms dominate the western side
[Ignatiades et al., 2009]. In general, depending on nutrient availability, the different phytoplankton species
adopt different competition strategies for resources. The small phytoplankton cells are believed to have a
competitive advantage for nutrients in nutrient-poor waters [Chisholm, 1992] due to their larger surface area
to volume ratios. Furthermore, nutrient forms also affect phytoplankton communities: ammonium is abun-
dant in oligotrophic seas due to remineralization processes, and it favors small cells [Dortch, 1990; Romero
et al., 2012; Stolte et al., 1994]. On the contrary, the larger cells are more advantaged in nutrient-rich seawater
because they have the ability to rapidly take up and temporarily store the “new” nutrients [Falkowski et al.,
1998]. Therefore, they have higher photosynthetic efﬁciency and growth rates in nutrient-rich seawater
[Marañón et al., 2007]. Larger responses to dust in the western Mediterranean when the timing of the chlor-
ophyll peak is not different between geographic areas means that chlorophyll has increased faster, which is in
accordance with a greater dominance of rapidly responding diatoms in the western Mediterranean, where
background nutrient concentrations are higher and algae can respond rapidly. Furthermore, regarding
bacteria, the western and the eastern Mediterranean show comparable amounts of depth-integrated phyto-
plankton and bacteria, while, in contrast, the primary production is 2 or 3 times higher in the western area
[Turley et al., 2000]. In the western Mediterranean the competition between bacteria and phytoplankton
for resources is not as strong as in the eastern Mediterranean [Allen et al., 2002]. Nutrient starvation is a notch
less pronounced, and this fact could give phytoplankton a chance against bacteria to take advantage of the
added nutrients in the water column. Thus, when new nutrients arrive to the surface waters, they rapidly
stimulate phytoplankton cells, which are ready to respond. This could explain why the highest peak in terms
of mgm3 was recorded on the western side. When nutrients were added to the ultraoligotrophic waters of
the eastern basin, they are transferred through the food web mostly bypassing the phytoplankton compart-
ment [Cermeño et al., 2005; Marañón et al., 2007]. It seems then that bacteria must primarily respond to dust
addition in ultraoligotrophic environments [Krom et al., 2016], while phytoplankton stimulation is more
efﬁcient in the western Mediterranean [Turley et al., 2000]. The differential response to dust addition has been
shown before to depend on the degree of ecosystem oligotrophy [Marañón et al., 2010]. Heterotrophic
bacteria in the ocean have been shown to respond to dust [Pulido-Villena et al., 2008]. Also, in some experi-
ments where both bacteria and primary producers were analyzed, bacteria tended to show primary
responses [Guieu et al., 2014; Herut et al., 2005; Romero et al., 2011]. Thus, bacteria and other microhetero-
trophs play a dominant role in the food web of the eastern Mediterranean [Durrieu de Madron et al., 2011]
and tend to outcompete phytoplankton for nutrients. This results in smaller phytoplankton responses, even
when dust depositions and hence nutrient additions are larger.
A third set of reasons is related to the dissolved organic matter that bacteria need to grow. The dissolved
organic carbon (DOC) concentration in the surface waters has been shown to control both growth and bio-
mass of bacteria [Thingstad et al., 1997]. DOC may accumulate in the surface waters during the productive
season and stratiﬁcation period, and the carbon export process to deep waters only occurs when the water
column is mixed [Santinelli et al., 2013; Thingstad et al., 1997]. In this case the bacterial carbon consumption is
restricted due to the nutrient limitation [Trabelsi and Rassoulzadegan, 2011] and the biomass production rate
of bacteria is kept low by the competition for nutrients and by bacterial predators. Thus, at times when dis-
solved carbon is accumulated in surface waters owing to seasonal production, inorganic nutrients are mostly
depleted and water column mixing has not occurred yet; any nutrient stimulation will likely be used and
channeled by bacteria. This occurs mostly in summer. In some cases the nutrient availability occurs by dust
deposition [Ternon et al., 2010]. Hence, even if we had VLDE in summer it is unlikely that we could detect large
chlorophyll peak responses, as bacteria probably respond very fast. This does not mean that the system is not
responding to the added nutrients, but rather that phytoplankton is not the primary beneﬁciary. Recent
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studies also seem to point to an increasing eastward gradient in surface DOC [Pujo-Pay et al., 2011],
which again would favor a trend of increased bacterial responses over phytoplankton responses to nutrient
additions.
Overall, we cannot pinpoint a single mechanistic explanation for the observed 70% increase in chlorophyll
after VLDE. Chlorophyll response differences between seasons are not clear, as they tend to disappear in
seasonally detrended data. Even so, a pattern emerges with an eastward decreasing gradient of response
intensity that conforms to other biogeochemical gradients and the relative importance of phytoplankton
and heterotrophic bacteria.
In this study we have analyzed the large deposition events. When the whole deposition time series was ana-
lyzed in a previous study [Gallisai et al., 2014], 64% of the Mediterranean surface showed signiﬁcant positive
correlation values between chlorophyll concentration and desert dust deposition, mainly in the central and
eastern Mediterranean. Positive correlation values appeared during all seasons, but the strongest correlations
were found in spring. The central and eastern Mediterranean seem to share more dynamics than with the
western Mediterranean, most likely because the sill at the Strait of Sicily is the largest water separation feature
within the Mediterranean and that the central and eastern Mediterranean share similar latitudes. Comparing
the results of Gallisai et al. [2014] with those of this study, the impact of large dust deposition events on chlor-
ophyll is complementary in both space and time to a more continuous basal dust input, and the central
Mediterranean is strongly impacted by both dynamics. It appears that Saharan dust has a direct impact on
chlorophyll dynamics, indicating that the nutrient limitation is alleviated by atmospheric deposition. This
has important implications for the nutrient budget of the basin over decadal to geological time scales.
However, at ecological time scales the relative input of atmospheric nutrients is small for a given time and
area and detecting the impact on chlorophyll production will depend on a complex matrix of factors.
Although we do see clear chlorophyll peak responses to VLDE, the effects of such inputs are difﬁcult to detect
and explain for individual events.
Mahowald et al. [2010] estimated that desert dust would double during the twentieth century over a large
part of the Earth and that there would be a 6% increase in ocean productivity due to the increase in dust
deposition trends. Moreover, future scenarios foresee increases in the presence of Saharan dust particles in
the atmosphere [Ganor et al., 2010;Mahowald et al., 2010;Querol et al., 2009] and the climate changes are also
foreseen to result in the mixed layer becoming shallower. The unique characteristics of the Mediterranean
Sea as a quasi-enclosed basin surrounded by mineral dust and other aerosol production sources make it a
prime target for aerosol-derived nutrient deposition that would affect long-term element budgets and drive
ecological alterations, including the response of primary producers and the recycling of organic matter by
bacteria, especially in the eastern Mediterranean. Under global change scenarios, phytoplankton is expected
to beneﬁt mostly in the western Mediterranean, while heterotrophic bacteria will likely increasingly respond
toward the eastern Mediterranean.
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